HM ϩ Kv* channels to contain two HM subunits: half those in HM-Kv* channels and the same number as in Introduction HM-Kv*-Kv* channels. Voltage-gated K ϩ channels in native cells are mixed assemblies of four pore-forming ␣ subunits and accesResults sory ␤ subunits that dictate cell-specific operation. channels were suppressed ‫%54ف‬ ( Figure 1C ).
al., 1996). Inherited missense mutations in both subunits mutation of toxin-insensitive channels, such as Kv2.1, are associated with cardiac arrhythmia and deafness to yield CTX blockade (Goldstein and Miller, 1992 ; Gross (Schulze-Bahr et al., 1997; Splawski et al., 1997; Sesti et al., 1994) . Based on these findings and homology and . The number of MinK subunits in among the P loop regions of KCNQ1, Kv1.3, and Kv2.1, I Ks channels has been uncertain. We argued for two MinK a functional, CTX-sensitive KCNQ1 variant (Kv*) was subunits per channel based on suppression of current produced through an iterative process that resulted in when wild-type MinK was expressed with a MinK mutant 5 point mutations and deletion of a 4 residue stretch (Wang and Goldstein, 1995) . Others studied mixtures ( Figure 1A ). Whereas 10 nM CTX had no effect on wildwith different MinK variants and concluded I Ks channels type KCNQ1 channels expressed in oocytes and studied have variable stoichiometry with four or more MinK sub- 0.9 mV; ⌬E rev ϭ 50.0 Ϯ 1.2 mV; n ϭ 6-9) had a K i of 0.11 Ϯ 0.02 nM, which is ‫-9ف‬fold more sensitive than Kv* channels and ‫-041ف‬fold more sensitive than M ϩ Channels formed with Kv* operated much like those Kv* channels. with wild-type KCNQ1 subunits despite these draconian modifications. Kv* channels did show partial inactivation on depolarization above 20 mV ( Figure 1B) ϩ over sodium as judged by shift in whole-cell reversal 1), the time course for relaxation to equilibrium inhibition potential (⌬E rev ) on changing bath K ϩ from 2 to 20 mM on abrupt exposure to toxin depends on toxin concenby replacement for sodium (V 0.5 ϭ Ϫ31.3 Ϯ 0.6 mV; tration (a second-order association process), while dis-V s ϭ Ϫ14.6 Ϯ 1.8 mV; ⌬E rev ϭ 48.4 Ϯ 1.4 mV; n ϭ 5-6 sociation (unblock) is first order and a direct reflection compared to KCNQ1 channels with V 0.5 ϭ Ϫ28.9 Ϯ 1.2 of stability of toxin on its pore site when toxin is removed mV; V s ϭ Ϫ17.6 Ϯ 1.7 mV; ⌬E rev ϭ 50.4 Ϯ 1.3 mV; n ϭ abruptly and completely (Miller et al., 1985; MacKinnon 6). Moreover, Kv* subunits assembled with M to produce and Miller, 1988; Goldstein and Miller, 1993) . Consistent I Ks channels that were indistinguishable from those with with high-affinity CTX binding, unblock of Kv* channels KCNQ1-so long as they were not exposed to CTX (Fig- was not complete even after 25 min ( Figure 3A ). Calcuure 1C). Thus, M ϩ Kv* and M ϩ KCNQ1 I Ks channels were lated K i and concentration-independent association and found to be alike (V 0.5 ϭ ‫0.72ف‬ Ϯ 2.2 mV; V s ϭ Ϫ18.3 Ϯ 1.2 dissociation rate constants for channels studied in this mV; ⌬E rev ϭ 50.9 Ϯ 2.5 mV; n ϭ 5-6; and V 0.5 ϭ ‫5.32ف‬ Ϯ report are determined according to Equations 3-7 (see 2.3 mV; V s ϭ Ϫ19.6 Ϯ 1.3 mV; ⌬E rev ϭ 47.4 Ϯ 2.4 mV; Experimental Procedures) and collected in Table 1 . n ϭ 6-9; respectively), assessed via isochronal studies These assessments revealed M had little effect on toxin because I Ks currents do not saturate (Wang and on rate compared to channels with Kv* alone (K on ϭ 1.9 Ϯ Goldstein, 1995; Sesti and Goldstein, 1998). Binding Assays Indicate Two HM Subunits ϭ specific light units (HM subunits)/ Naturally assembled HM ϩ Kv* channels were compared to HM-Kv*-Kv* and HM-Kv* channels using COS7 specific 3 H-CTX (channels) (2) mammalian tissue culture cells. As CTX binds to all three An estimate of two HM subunits in each channel could channel types with high affinity (K i Ϸ 0.1 nM) and toxin be too low if many Kv* channels (without HM) are present dissociation during rapid wash steps was the same (Exon cells expressing HM ϩ Kv*. This did not appear to perimental Procedures), it was possible to estimate the be the case; first, fewer than 5% of cells showed rapidly number of channels on groups of cells by incubation activating K ϩ current consistent with the formation of with excess 3 H-CTX (34 nM) and measurement of specifiKv* channels when cells expressing both subunits were cally bound radioactive toxin using the specific activity studied by patch-clamp. Second, whole-cell I Ks currents of the preparation and the knowledge that toxin:channel were ‫-51ف‬fold greater for oocytes expressing HM ϩ interaction is 1:1 (Figure 5A, top) . The number of HM ϩ Kv* compared to those with only Kv* (not shown), a Kv* channels per COS7 cell from to confirm that all three subunits linked in HM-Kv*-Kv* more than one type of I Ks channel in sensitive studies of CTX block. Despite altering the ratio of HM:Kv* cRNA subunits gained representation in the channels. In support of contribution by HM, HM-Kv*-Kv* channels actiinjected into oocytes over a 10-fold range to encourage alternate stoichiometries, no significant changes in toxin vated slowly and showed enhanced CTX affinity compared to Kv* alone (Table 1) . To test that both the first association or dissociation rate were observed (Table 1) and no rapidly activating currents emerged (to suggest and second Kv* subunits contributed to pore formation in HM-Kv*-Kv* channels, two additional linked subunits, formation of Kv* channels). Further, channels of HMKv*-Kv* (or M-Kv*-Kv*) subunits appeared to be "com-HM-KCNQ1-Kv* and HM-Kv*-KCNQ1, were created and studied with CTX and the smaller pore-blocker, tetraplete" and to exclude additional subunits as they were blocked like naturally assembled channels even when ethylammonium ion (TEA). CTX block supported the presence of both wild-type and mutant pore-forming coexpressed with HM or M subunits (Table 1) . So, HM assembled with Kv*-Kv* to yield channels blocked by subunits in the channels because equilibrium affinity was diminished and block kinetics altered by inclusion CTX like channels of HM ϩ Kv* or HM-Kv*-Kv* but did not alter block of HM-Kv*-Kv* channels (based on HMof wild-type KCNQ1 in either the first or second position (Table 1) .
Kv* channel behavior, extra incorporated HM should increase toxin on rate). Similarly, HM-Kv*-Kv* channels Study of TEA block offered crisp additional support for contribution of both pore-forming subunits in linked were insensitive to coexpressed M (despite the ‫-041ف‬ fold difference in CTX affinity for Kv* channels with M subunits to the pore. While wild-type KCNQ1 channels were insensitive to TEA (K i Ͼ 100 mM), Kv* and HM ϩ rather than HM). Moreover, M-Kv*-Kv* channels showed no increase in CTX block on expression with HM as Kv* channels had equilibrium blocking constants of 0.53 Ϯ 0.05 mM and 0.55 Ϯ 0.05 mM, respectively (20 expected if the subunit had been incorporated. These findings support the conclusion that I Ks channels form mV, n ϭ 6 oocytes). This was expected, as a KCNQ1 mutant with just two of the changes in Kv* (K318I, V319Y) with one natural valence: two MinK and four KCNQ1 subunits. showed enhanced TEA sensitivity that was unaltered by MinK (Kurokawa et al., 2001 ). The affinity of TEA for HMKv*-Kv* channels was like that for naturally formed HM ϩ Discussion Kv* channels, K i ϭ 0.52 Ϯ 0.03 mM (n ϭ 6). In contrast, HM-KCNQ1-Kv* and HM-Kv*-KCNQ1 channels had reThe number of MinK monomers in each I Ks channel has been a subject of controversy. Here, two new strategies duced TEA sensitivity, showing K i ϭ 17.2 Ϯ 0.9 mM and 16.9 Ϯ 1.1 mM, respectively (n ϭ 6-10). This recapituwere applied to address the problem: one indirect (examining the kinetics of pore blockade by CTX) and anlated the shift in affinity observed when Kv1.1 channels formed with four TEA-sensitive subunits were compared other direct (assessing binding of radioactive CTX [to count channels] and a monoclonal antibody [to quantify to channels with two sensitive and two insensitive subunits, from K i ‫5.0ف‬ to 18 mM TEA, ⌬⌬G ‫8.8ف‬ Kj/mol
MinK subunits]). Both methods employed a CTX-sensitive variant of KCNQ1 (Kv*) and a modified MinK (HM) (Kavanaugh et al., 1992) . and compared channels naturally assembled of monomer subunits and those with linked subunits that forced One Natural Subunit Valence for I Ks Channels While an estimate of two HM subunits in each I Ks channel formation of channels with defined subunit stoichiometry. First, I Ks channels assembled of HM ϩ Kv* subunits could be an average if HM ϩ Kv* subunits assemble with multiple stoichiometries, we failed to obtain evidence for were observed to have the same functional attributes The strength of these conclusions depends on three force, experiment dependent. Thus, we found activation of HM ϩ Kv*, HM-Kv*-Kv*, and HM-Kv* channels to be factors: first, the integrity of CTX as a probe of K ϩ channel pore structure. CTX was chosen for this study pre- Here, M and HM were found to significantly alter CTX Kv* subunits to operate alike and confirmed that each linked subunit contributed to function and/or pore foraffinity for the channels formed with Kv* in opposing manner (Table 1) . This is not, however, new evidence mation. Finally, our conclusions assume that HM and Kv* serve as faithful surrogates for MinK and KCNQ1 that MinK is in the pore. Changes in CTX block could result from through-space electrostatic effects or aldespite changes required to allow antibody binding and high-affinity CTX blockade, a notion supported by the tered pore structure due to effects on other portions of similar biophysical attributes of the resultant channels.
the 
